L
ymphocytes are an important determinant in the development and progression of the atherosclerosis lesion. 1, 2 The proinflammatory response regulated by T H (T helper) 1-mediated cytokine expression, mainly interferon (IFN)-␥, was previously found to induce lipid and cell accumulation as well as apoptotic programs within the plaque. In parallel, T H 2 typical cytokines, (ie, interleukin [IL]-10, IL-4) were shown to cross-regulate T H 1 activity driving protective effects on lesion formation and stability. 2, 3 Hypoxia-inducible factor-1 (HIF-1) is a principal transcriptional regulator of glycolysis, angiogenesis, and cell survival. 4 HIF-1 consists of an oxygen-dependent ␣-subunit and a constitutively expressed ␤-subunit that bind through common basic helix-loop-helix elements. 5 HIF-1␣ oxygen-dependent domain undergoes hydroxylation by prolyl-hydroxylases, which drives HIF-1␣ to ubiquitination mediated by the von Hippel-Lindau (VHL) protein. 6 Under hypoxia, HIF-␣ is stabilized because of the blockade of its hydroxylation. Heterodimerization of HIF subunits then occurs and results in the transcription of multiple target genes.
Recent evidence suggests that blunted HIF-1␣ expression provokes proinflammatory responses reflected by enhanced production of inflammatory cytokines on T cell receptor (TCR) engagement. 7 Comparable effects were achieved by knocking out HIF-1␣ selectively in T-cells. 8 Moreover, HIF-1␣ was found to downregulate TCR signal transduction by affecting intracellular calcium storage. 9 Collectively, these findings point at a role of HIF-1 in the propagation of Th2 responses while downregulating Th1 programs. 10, 11, 12 We hypothesize that in vivo HIF-1␣ stabilization in lymphocytes will modulate cytokine expression and attenuate atherosclerotic plaque progression.
Materials and Methods

Animals and Cell Culture
All studies were approved by the local institutional Ethics Committee. Male ApoE Ϫ/Ϫ mice were obtained from the Jackson Laboratories. Mouse spleens were explanted, mechanically minced, and red cells were lysed using ammonium chloride solution. Red blood cell-depleted splenocytes were cultured in complete RPMI medium supplemented with 10% fetal bovine serum (FBS), 5% CO 2 at 37°C. The nonadherent fraction of the splenocytes was collected for cytokine analysis.
Hydrodynamic Naked DNA Systemic Injections
Eight-week-old male ApoE Ϫ/Ϫ mice (18 to 20gr) were injected via tail vein during up to 5 seconds with 12 g plasmid of pCDNA3 empty vector or pCDNA3-HIF-1␣P564A (encoding for stable human HIF-1␣ which share 90% homology with mouse HIF-1␣) in a volume of 1.6 mL of normal saline, as previously described. 13 As controls, similar plasmids containing green fluorescent protein (GFP) were used. Animals were euthanized at different time points as indicated, and spleens/aortas were harvested using standard surgical protocols. At day 30 postinjection, systemic administration was repeated. At day 60, animals were euthanized and assessment of atherosclerosis performed.
Flow Cytometry Analyses
For surface markers detection, splenocytes (1ϫ10 6 ) were collected 24 hours postinjection, and stained for 30 minutes at 4°C with phycoerythrin (PE)-antimouse CD4 antibody (eBioscience). Cells were then washed with phosphate buffered saline (PBS) and acquired employing FACS Calibur.
For INF-␥ intracellular staining, spleens were harvested, and incubated overnight with phorbol 12-myristate 13-acetate (PMA) 5 ng/mL and Ionomycin 250 ng/mL. After 24 hours, monensin (golgi-blocker) was added 2 mol/L for 3 hours. Cells were then washed with PBS stained with fluorescein isothiocyanate (FITC)-antimouse CD4 for 30 minutes at 4°C and washed with PBS. Next, cells were fixed and permeabilized with Cytofix/Cytoperm kit (BD Pharmigen) and stained with PE-antimouse IFN-␥ (eBiosciense) for 30 minutes at 4°C. Cells then washed, and 80 000 events were acquired with FACS Calibur.
Active HIF-␣ Enzyme-Linked ImmunoSorbent Assay
Human/Mouse Active HIF-1␣ DuoSet Intracellular ELISA (R&D) was used according to manufacturer's instructions. Briefly, a biotinylated oligonucleotide containing the consensus hypoxia responsive element (HRE)-HIF-1␣ binding site was incubated with nuclear extracts. HIF-1␣-ds oligonucleotide complexes were captured by immobilized anti-HIF-1␣ antibody. Unlabeled oligonucleotide was used to test assay specificity. Detection was performed utilizing Streptavidin-HRP and ELISA reader.
Reverse Transcription-Polymerase Chain Reaction
Total RNA was extracted from cultured 3 to 4ϫ10 6 cells by phenol/chloroform/isoamyl alcohol (Biological Industries). RNA was treated with DNase I (Ambion). RNA (2 g/reaction) was transcribed using AMV-RT (Promega). Amplification reactions were carried out using REDTaq ReadyMix (Sigma-Aldrich). Reaction conditions were calibrated for each gene and primers (sequences will be supplied by request). Quantification was assessed using ImageJ software and standardized to GA3PDH house keeping gene expression.
Antibody Array
RayBio Mouse Inflammation Antibody Array I assay was performed according to manufacturer's instructions. Briefly, 500 g of whole cell extract proteins were incubated with arrayed antibody membranes, which were exposed to specific biotin-antibody cocktail. Signals were detected using labeled-streptavidin and exposure on X-OMAT AR films. Signal quantification and data analysis were performed using TINA 2.0 software. Significance threshold was set as 2-fold and proteins showing such an induction/repression are presented ϮSD (PϽ0.05).
Lipid Profile and Detection of Anti-HSP65 and Anti-oxLDL Antibodies
Total plasma cholesterol and triglyceride levels were determined using an automated enzymatic technique (Boehringer Mannheim). Detection of antiheat shock protein (HSP) 65 and antioxidized (ox)-LDL antibodies was performed by ELISA assay as previously described. 14 
Assessment of Atherosclerotic Lesions
Quantification of atherosclerotic lesions was done by calculating the lesion size in the aortic sinus as described previously. 15 Lesion areas per section were counted with a grid by an observer unfamiliar with the tested specimen. Staining with Masson trichrome was used to determine fibrous cap to lipid core ratio determined by quantitative morphometry. 
Immunohistochemistry for IFN␥
Staining was done on 5-m-thick frozen sections of the aortic sinus. Sections were fixed for 4 minutes in methanol at Ϫ20°C followed by 10 minutes of incubation with ethanol at Ϫ20°C. After blocking, rat anti-mouse IFN-␥ Ab (Biolegend) was added for 1 hour at rt. After washings, affinity-purified biotinylated rabbit antirat IgG antibodies (Jackson) were added for 30 minutes. After washings, the slides were incubated with 0.3% H 2 O 2 , washed, and incubated with streptavidinperoxidase conjugate for 30 minutes. After washings, slides were developed with 3-amino-9-ethylcarbonasole (AEC) substrate (Dako) for 15 minutes. Sections were counterstained with hematoxylin. Staining in the absence of first or second antibody was used as a negative control.
The degree of staining was semiquantitatively indexed using mean IP scoreϮSD in 5 different fields (ϫ200) on each slide. The IP score was calculated by 2 independent observers as following: the intensity of staining (I) with a value of 0, 1, 2, or 3 (negative, weak, moderate, or strong, respectively)ϫthe percentage of stained area (P).
Statistical Analysis
Comparison between groups was performed using the Student t test. Level of significance was set at PϽ0.05. Results are expressed as meanϮSD.
Results
In Vivo HIF-1␣ Overexpression in ApoE
؊/؊
Mouse Splenocytes
Eight-week-old male ApoE Ϫ/Ϫ mice (18 to 20 g) underwent systemic hydrodynamic injection of empty pCDNA3 plasmid or pCDNA3 encoding for HIF-1␣, as described in Materials and Methods. To identify the cell population which expressed the injected plasmid within the spleen GFP-containing plasmids were used (nϭ3 per group). Twenty-four hours postinjection mice were euthanized, and flow cytometry analysis of the harvested spleens exhibited Ϸ30% to 35% GFPϩ cells, Ϸ87% of which were CD4ϩ T-cells ( Figure 1A) .
To avoid VHL protein binding and subsequent ubiquitination of HIF-1␣, a mutant form of HIF-1␣ was used throughout the study; HIF-1␣P564A, which contains a mutation of proline 564 to alanine in the pVHL binding domain that leads to constitutive HIF-1␣ expression. Twenty-four hours postinjection nonadherent splenocytes (nϭ3 per group) and assessed by RT-PCR for mouse and human HIF-1␣ expression as well as for the expression of IFN-␥, transforming growth factor (TGF)-␤ and IL-10 ( Figure 1B) . Although basal expression of mouse HIF-1␣ mRNA did not change after injections, human HIF-1␣ mRNA was found to be markedly overexpressed in HIF-1␣P564A-treated mice. IFN-␥ expression was found to be decreased by 5.3Ϯ0.96-fold (PϽ0.005) after injection of HIF-1␣P564A. In addition, IL-10 showed an increased expression of 4.5Ϯ1.01 (PϽ0.005). No significant change in TGF-␤ expression was noticed. HIF-1 DNA binding activity was evaluated using ELISA as described in Materials and Methods and was found to be elevated by 11.3Ϯ1.3 fold in HIF-1␣P564A-treated mice, compared to controls ( Figure 1C ).
Evaluation of Inflammatory Cytokine Profile in Mouse Spleens
One week postinjections, mice (nϭ3) were euthanized and spleens were harvested. Analysis of nonadherent splenocytes by antibody array (Figure 2 ) revealed a decreased expression of IL-1␣, IL-12p40/p70, RANTES, and I-TAC. In parallel, we found an increased expression of IL-4, IL-10, sTNF-R͉͉, stromal cells derived-factor-1 (SDF-1), and chemokine CXCL1/ KC.
Assessment of Lipid Levels, Humoral Immune Responses, and Atherosclerotic Lesion Size
On day 30, mice were subjected to an additional hydrodynamic injection of empty pCDNA3 plasmid or HIF-1␣P564A. On day 60, animals (nϭ8 per group) were euthanized and plasma cholesterol and triglycerides levels assessed, showing no significant differences between groups ( Figure 3A) . In addition, total anti-ox-LDL and anti-HSP65 antibody titers were evaluated by ELISA and did not differ significantly between groups as well ( Figure  3B ). Morphometric analysis of aortic sinus lesions was performed based on Masson trichrome collagen staining ( Figure 3C ) and oil red O lipid staining ( Figure 3D) . No statistically significant alteration in fibrous cap/plaque ratio was detected between the 2 groups. However, a clear decrease in lesion size was found in the group treated with HIF-1␣P564A plasmid (1.5Ϯ0.1-fold; PϽ0.005).
Inflammatory Cytokine Expression in Splenocytes and Aortas on Sacrifice
We assessed IFN-␥ expression in CD4ϩ spleen-derived lymphocytes using intracellular staining followed by flow cytometry analysis ( Figure 4A ). IFN-␥ was found to be suppressed in the HIF-1␣P564A group, by 2.5Ϯ0.2 fold (PϽ0.005). We then analyzed the effect of HIF-1␣ on the mRNA expression of selective cytokines (IFN-␥, TGF-␤ and IL-10) within aortic tissue ( Figure 4B ). IFN-␥ was found to be downregulated by 5.2Ϯ0.3 (PϽ0.005) in HIF-1␣P564A-injected mice, compared to control mice. No significant change in IL-10 was observed. Finally, the expression of IFN-␥ within plaque area was assessed by immunohistochemistry and found to be significantly diminished (2.23Ϯ0.6 fold; PϽ0.005) in animals treated with HIF-1␣P564A, as compared to controls ( Figure 4C) .
Discussion
Multiple studies have demonstrated the importance of lymphocytes, in the initiation and development of the atherosclerotic lesion. 1, 2 To induce a broad antiinflammatory program within lymphocytes, we have used delivery of a key transcription factor rather than modification of a single putative gene and we obtained considerable efficiency of in vivo transfection of lymphocytes by hydrodynamic injection. 13 In addition to its pivotal role in the adaptation of the cellular response to hypoxic conditions, a wide range of regulatory functions have recently been attributed to HIF-1.
Lukashev et al 8 demonstrated that deletion of HIF-1␣ or its TCR activation-inducible short isoform in activated T cells results in an intensified production of proinflammatory cytokines including IFN-␥, TNF-␣, IL-2, IL-4, and IL-13. These observations were recently reinforced by Thiel et al, 16 which also showed an increased NF-B activation in TCR activated HIF-1␣-deficient T cells. Here, we applied the potential antiinflammatory properties of HIF-1␣ to reduce atherosclerotic burden.
We first evaluated the direct effects of HIF-1␣ expression on the lymphocytic cytokine profile and found a marked decrease in the transcription of IFN-␥ accompanied by a parallel increase in IL-10 expression. These results were supported by the antibody array performed on splenocytes 1 week after injection, which revealed a clear T H 2-favored shifting in cytokine translation pattern. It is noteworthy that HIF-1␣ treatment (at days 0 and 30) influenced T-helper lymphocyte until sacrifice as evident by reduced IFN-␥ expression. On sacrifice, atherosclerotic plaque size and lipid core were significantly reduced in HIF-1␣-treated mice, accompanied by a reduced intraplaque expression of IFN-␥. Interestingly, higher levels of TGF-␤, known to induce T H 2-type responses 17 as well as plaque fibrosis 18 were detected. TGF-␤ upregulation was accompanied by a trend toward enhanced plaque stability. Importantly, the lipid profile as well as the anti-ox-LDL and anti-HSP65 antibody titers did not differ between groups, ruling out a predominant effect of these factors on the final differences observed.
In conclusion, we show here that a predominant in vivo overexpression of HIF-1␣ in lymphocytes of ApoE Ϫ/Ϫ mice results in shifting of lymphocyte phenotype toward the T H 2 lineage and concomitant inhibition of plaque progression. This strategy may have potential as a novel immunomodulatory approach in atherosclerosis.
